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We demonstrate an optical far-field super-resolution microscopy using array of nitrogen vacancy
centers in bulk diamond as near-field optical probes. The local optical field, which transmits through
the nanostructures on the diamond surface, is measured by detecting the charge state conversion
of nitrogen vacancy center. And the locating of nitrogen vacancy center with spatial resolution of
6.1 nm is realized with the charge state depletion nanoscopy. The nanostructures on the surface
of diamond are then imaged with resolution below optical diffraction limit. The results offer an
approach to built a general-purpose optical super-resolution microscopy and a convenient platform
for high spatial resolution quantum sensing with nitrogen vacancy center.
With stable fluorescence, optically initialized spin state
and long spin coherence time, the nitrogen vacancy (NV)
center in diamond is a promising candidate for quan-
tum metrology1,2. High sensitive detection of electro-
magnetic field and temperature have been demonstrated
with NV center3–7, even in living biological cells8–10. Due
to the sub-nanometer size, high spatial resolution is one
of the most important advantage of NV based sensors.
Typically, it is realized by scanning a specially prepared
tip with attached nanodiamond4,5,11–13. However, the
presence and movement of tips may change the local
field distribution at the nanoscale14,15. Additionally, the
preparation of the tips is usually difficult16. An alter-
native method is to replace the scanning tips with high-
density non-scanning array of NV centers, whose rela-
tive positions and statuses are obtained through optical
far-field microscopy17–20. However, the spatial resolu-
tion with conventional optical microscopy is limited by
the diffraction. Recently, several different types of opti-
cal nanoscopy methods for NV center imaging have been
developed21–27. Therefore, it is possible to use NV cen-
ter ensemble arrays as probes to realize sub-diffraction
spatial resolution quantum sensing.
In particular, the local optical field detection with high
spatial resolution is interesting in diverse fields ranging
from nanophotonics to biosensing4,14,15. In this work, we
demonstrate the local optical field detection with sub-
diffraction resolution using NV center ensemble in bulk
diamond as probes, as shown in Fig. 1(a). The light
transmitted through nanostructure on the diamond sur-
face is measured with the charge state conversion of near-
field NV center probes. And the high spatial resolution
imaging of NV is realized with charge state depletion
(CSD) nanoscopy. Subsequently, the sub-diffraction im-
ages of the nanostructures on the diamond plate surface
are obtained via local optical field detection. A general-
purpose super-resolution Microscopy with Array of Near-
field Probes (MANP) is constructed based on the results.
Furthermore, because the NV center is also sensitive to
electromagnetic fields, temperature and pressure28, the
present technique provides a convenient method to es-
tablish a universal, nanoscale, multi-functional detection
platform.
The NV center in diamond consists of a substitutional
nitrogen atom and an adjacent vacancy and typically
has two charge states: the neutral NV0 and the nega-
tive NV−, with zero phonon lines at 575 and 637 nm,
respectively. When a long-pass optical filter (edge wave-
length 668.9 nm in this experiment) is used for the flu-
orescence detection, NV0 is treated as the optical dark
state, and NV− is the bright state. The conversion be-
tween the two states can be pumped with a wide spec-
tral range of photons25,29,30. The highest NV− and NV0
populations are obtained with 532 nm and 637 nm lasers,
respectively29–31. The charge state conversion process of
the NV center pumped by photon in visible region has
been demonstrated to be a two-photon process involv-
ing a real excited state32. The charge state conversion
rate quadratically increases as the optical field intensity
increases in the visible region29,30,32. Therefore, by de-
tecting the charge state populations of NV centers, the
optical field intensity can be measured.
To achieve super-resolution imaging and sensing with
MANP, locating the NV center with high spatial reso-
lution is key. Here, CSD nanoscopy of the NV center
is utilized for this purpose25,26. The experimental setup
is shown in Fig. 1(b). A home-built scanning confocal
microscope with a 0.95 numerical aperture objective was
used to pump and image the NV center. A diamond plate
with NV center inside was mounted on a piezo scanner.
Different laser beams were aligned and combined using
dichroic mirrors (DMs) and focused on the NV centers.
The fluorescence of the NV− center was detected by a
single photon counting module (SPCM).
For CSD nanoscopy used in our experiments, the NV
center is firstly initialized to the NV0 charge state with
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FIG. 1. (a) Illustration of local field detection with MANP.
(b) The experimental setup for CSD nanoscopy of the NV cen-
ter. The pulses of the laser beams are controlled by acousto-
optic modulators (AOMs). The doughnut-shaped laser beam
is generated by a vortex phase mask, and the polarization is
controlled with a half-wave plate (HWP) and a quarter-wave
plate (QWP). LP, long-pass filter with an edge wavelength of
668.9 nm. DM1-3 are DMs with edge wavelengths of 605 nm,
536.8 nm, and 658.8 nm, respectively.
a 637 nm laser. Then, a doughnut-shaped 532 nm de-
pletion laser beam is applied to convert the NV0 charge
state to NV− with a power-dependent rate. Finally, the
NV− charge state population is detected with a 589 nm
laser29,30. Only the photons emitted during the 589 nm
laser pumping are counted. The initialization-depletion-
detection procedure repeated hundreds of times to obtain
sufficient photons for each scanning pixel. The resolution
of CSD nanoscopy is determined by the depletion rate,
which can be improved, in principle, by increasing the
power of the doughnut-shaped beam25,26.
Sub-10-nm-resolution CSD nanoscopy is achieved with
high power doughnut-shaped depletion laser. An opti-
cal resolution of 6.1 nm is shown in Fig. 2(a)(b), which
corresponds to approximately 1/56 of the diffraction
limit (1.22λ/2N.A. ≈ 341 nm for 532 nm laser beam).
Here, the charge state depletion laser is 22 mW 532 nm
doughnut-shaped laser beam with duration of 100µs in
each initialization-depletion-detection cycle. Meanwhile,
the fluorescence of NV− is detected by a 0.1 mW 589
nm laser pulse with duration of 10 µs. The duty ratio of
detection laser pulse is lower than 0.1 here. The signal
to noise ratio (SNR), defined as the ratio of signal value
to standard deviation of background, is approximate 6
in Fig. 2(a)(b). The SNR of CSD nanoscopy is lower
than that of confocal microscopy. This is one of the ma-
jor drawback for super-resolution microscopy method. In
future, the charge state conversion rate of depletion laser
should be improved to decrease the duration of deple-
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FIG. 2. (a) CSD nanoscopy image with resolution of 6.1 nm.
532 nm doughnut-shaped depletion laser: 22 mW, 100 µs
duration. Insert is the laser pulse sequence. (b) Cross-section
of the image in (a). (c) The positive-CSD image is obtained
by subtracting the direct-CSD image from the confocal image.
Pixel dwell time: 50 ms. 532 nm doughnut-shaped depletion
laser beam: 80µs duration, 0.13 mW average power.
tion laser, and subsequently to increase the duty ratio of
fluorescence detection laser.
The direct result of the 532 nm doughnut-shaped laser
pumped CSD nanoscopy produces a negative image of
the NV center, which is not convenient for the imaging
of high-density NV centers. Experimentally, the positive
images can be obtained by subtracting the signals of the
direct-CSD images from the confocal images, as shown in
Fig. 2(c). This positive-CSD image can then be used to
detect the NV center ensemble in the following MANP
experiments.
For MANP imaging, the distances between NV centers
can be seen as the scanning step of the scanning tip mi-
croscopy. Therefore, high density NV center ensemble is
needed for high resolution imaging. In the experiments,
the NV center ensembles are produced by high dosage
(1013cm−2) nitrogen ion implantation. However, nitro-
gen defect, as donor of electron33–35, could change the
level structure in diamond36,37. Therefore, high dosage
ion implantation might change the charge state conver-
sion process of NV center, which will subsequently af-
fect the results of CSD nanoscopy. In Fig. 3, we show
the CSD nanoscopy of NV center ensemble. The fluores-
cence of NV center ensemble is treated as the integration
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FIG. 3. (a)(b) The images of NV center ensemble with con-
focal and CSD microscopy, respectively. (c)(d) The cross-
section profiles corresponding to the arrows in (a)(b). Pixel
dwell time: 50 ms. The 532 nm depletion beam: 0.3 mW
average power, 100 µs duration.
of signals from NV centers at different positions. The
cross-sections in Fig. 3(c)(d) are fitted by the Gaussian
model38:
I(x) ∝
∫ b
a
exp(− (x− x0)
2
2σ2
)/σdx0, (1)
where a and b are the edges of NV center ensemble.
exp(− (x−x0)22σ2 )/σ denotes the fluorescence point spread
function of NV center at position x0. Therefore, the res-
olution of microscopy is given by the full width at half
maximum 2
√
2ln2σ. Fitting the scanning-profile of CSD
nanoscopy with the Eq.1, the spatial resolution of CSD
microscopy for NV ensemble in Fig. 3 is 125 nm, which
is below the diffraction limit. The results demonstrated
that CSD nanoscopy is effective to NV center emsemble.
A relative low power depletion laser is chosen for NV
ensemble CSD imaging here. This is because the high
intensity fluorescence emission of NV ensembles pumped
by high power 532 nm depletion laser could saturate the
SPCM, though the photons emitted during depletion pro-
cess are not counted by the data acquisition card.
To demonstrate the application of MANP using NV
center ensemble, we detect the local optical field of light
transmitted through a metal nanostructure on the sur-
face of a diamond plate. The optical field probes, which
are arrays of NV centers, are produced by high dosage
ion implantation prior to metal film deposition. The ion
implantation energy is 15 keV. The mean depth of the
NV centers is 20±7 nm as estimated using SRIM39. The
distance between the optical probe and the nanostructure
is much shorter than the wavelength of the photons used
in the experiment and is sufficient to detect the samples’
optical near-field properties. For local optical field de-
tection, the same doughnut-shaped laser beam used for
CSD nanoscopy is transmitted through the nanostructure
to pump the NV center. Subsequently, the charge state
conversion of the NV center is affected by the shape of the
nanostructure. Therefore, by detecting the fluorescence
intensity of the NV center via CSD nanoscopy, images of
samples with sub-diffraction-limit resolution can be ob-
tained.
To quantify the spatial resolution of MANP, we present
the scanning electron microscope (SEM) and optical im-
ages of a titanium/aluminum (5/15 nm thickness) nanos-
tructure in Fig. 4(a)(b). The confocal images are ob-
tained by directly detecting the fluorescence of the NV
center with a single Gaussian-shaped laser beam. The
positive images of MANP with the 532 nm doughnut
beam are collected using the method depicted in Fig.
2(c). The bright areas of the optical images indicate the
absence of the metal film. The fork structures, which can-
not be distinguished in the confocal image, are clearly
identified by MANP. The width of the slot measured
by SEM is approximately 190 nm. By fitting the cross-
section in Fig. 4(c) with Eq.(1), the resolution of MANP
in Fig. 4(b) is estimated to be 197 nm. Thus, the res-
olution achieved when imaging this nanostructure with
MANP is below the diffraction limit.
Sub-diffraction-limit MANP can be effectively applied
to various materials and patterns. Fig. 4(d)(e) show the
imaging of the English letters ’USTC’ made of chromium
film (22 nm thickness). The spatial resolution is also
significantly improved by MANP. This result demon-
strates the generalizability of the NV-center-based super-
resolution MANP. Because the band gap of diamond is
5.5 eV and because the charge state conversion can be
pumped with a wide range of wavelengths30, MANP with
NV centers can be applied to detect local optical fields in
the spectral range from near ultraviolet to near infrared.
Like CSD nanoscopy, the resolution of MANP can be
improved by increasing the power of doughnut-shaped
laser beam, and is theoretically unlimited. Technically,
high laser power would induce heating of sample, or
photodamage to biological cell. And imperfect shape
of the depletion laser will limit the best spatial resolu-
tion. Besides super-resolution imaging, sub-diffraction-
limit MANP with CSD nanoscopy on the NV center
can also be used for nanophotonics investigations, such
as scattering and surface plasmon resonance of optical
nanoanttenna4,40,41. Furthermore, since quantum imag-
ing has been realized based on electron spin manipulation
and diffraction-limited optical microscopy of NV cen-
ter ensemble10,19,20, NV-center-based super-resolution
MANP can be applied to sense electromagnetic fields and
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FIG. 4. (a) SEM image of the titanium/aluminum film on diamond plate surface. (b) Optical confocal and MANP images of
the titanium/aluminum film. (c) Cross-sections of the corresponding dashed lines in (b). (d) The confocal and MANP images
of a chromium film. (e) Cross-section profiles of the dashed lines in (d). Pixel dwell time: 50 ms. 532 nm doughnut-shaped
laser beam for MANP: 0.13 mW average power, 80 µs duration.
temperature with high spatial resolution and detection
sensitivity. Compared with the method of using scanning
nanodiamond tips4,5,11, nanoscale sensing with MANP is
much more robust as the scanning tips are not needed.
In conclusion, we developed a universal, super-
resolution, optical far-field microscope based on local op-
tical field sensing with the NV center ensemble in bulk
diamond. With the sub-10 nm spatial resolving capa-
bility of the NV center, the nanostructures of different
metal films on a diamond surface were imaged with reso-
lutions below the diffraction limit. The system of MANP
has the potential to be developed to a multi-functional
super-resolution microscope with high detection sensitiv-
ity, which will help to explore quantum sensing at the
nanoscale.
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